INFLAMMATION AND AIRWAY REMODELING are central to the pathology of chronic asthma. In asthma key features are airway epithelial damage, abnormal repair, and a greater airway smooth muscle mass with amplified cytokine secretion, both enhancing chronic airway inflammation and remodeling (4, 18, 22) . A great deal of information has emerged on how these cells function individually; however, there is much less information on how they interact and the role these interactions play in the inflammation and remodeling processes.
The epidermal growth factor receptor family (EGFR) plays a central role in maintaining the airway epithelium as an environmental barrier and as a trigger for inflammation (2, 3, 6, 28) . In the asthmatic lung there is increased epithelial EGFR expression and activity (36, 37) . The natural ligands of EGFR include epidermal growth factor (EGF), transforming growth factor-␣ (TGF-␣), heparin binding epidermal growth factor (HB-EGF), betacellulin, epiregulin, amphiregulin, and the neuregulins 1 to 4. Two recent clinical studies demonstrated that the asthmatic lung contains more amphiregulin than the normal lung (15, 20) . Amphiregulin has several properties relevant to asthma. It has been classified as a type-2 cytokine by virtue of its essential role in TH 2 lymphocytes' inflammatory resistance to nematode infection (50) . Amphiregulin expression is rapidly induced by allergen treatment of mast cells derived from asthma patients but not from normal subjects (32) . Furthermore, rhinoviral and respiratory syncytial virus (RSV)-induced release of CXCL8 from the airway epithelium is dependent on protease triggered amphiregulin release (26, 28, 31) .
Airway epithelial and smooth muscle cells both express high levels of prostaglandin endoperoxide synthase-2 (cyclooxygenase-2 or COX-2) (12, 40, 46) . COX-2 products have a number of functional roles in asthma. High levels of inhaled PGE 2 can reverse airway constriction during acute asthma attacks, and genetic ablation or pharmacological inhibition of COX-2 results in increased lung inflammation. However, PGE 2 may also have a proinflammatory role. Genetic ablation of the PGE 2 synthase (mPGES1) gene in mice results in a decrease in allergen-induced lung inflammation (11) and a reduction in systemic inflammation (49) .
Bradykinin (BK) is a peptide produced by protease degradation of high-molecular-weight or low-molecular-weight kininogens. Kininogen levels are increased in the asthmatic lung (9, 10) , and rhinoviral exacerbation of asthma is accompanied by a rise in kininogen activity (8) .
Our studies have shown that COX-2 products can act as intermediates in the regulation of chemokine and growth factor expression in smooth muscle cells by BK. For example, BK induced secretion of CXCL8 and VEGF is COX-2 and PGE 2 dependent (21, 47, 51) in human airway smooth muscle cells (HASMC), whereas endothelin-1-induced amphiregulin secretion is dependent on COX-2 activity and PGI 2 production in pulmonary vascular smooth muscle cells. To date our studies have looked in single cell types without considering cross talk between the epithelium and the underlying mesenchyme.
Here we have explored the complexity of cross talk between airway epithelial and airway smooth muscle cells focusing on amphiregulin, COX-2, CXCL8, and VEGF. We hypothesized that BK-induced COX-2 activity would increase amphiregulin expression and secretion from HASMC and that, because of the presence of EGFR on the airway epithelium, HASMCderived amphiregulin would provide the mechanism for interaction between the mesenchyme and the epithelium. Consistent with this we found that stimulation of HASMC with BK induced secretion of amphiregulin by HASMC. Furthermore, the resulting increase in amphiregulin in HASMC culture supernatants induced COX-2 expression, CXCL8, and VEGF secretion in airway epithelium in a paracrine manner.
These are the first studies to show that HASMC acts as a source of amphiregulin, that HASMC-derived amphiregulin can modify epithelial CXCL8 and VEGF synthesis and secretion, and that HASMC-derived amphiregulin can increase airway epithelial cell COX-2 expression. Because amphiregulin, EGFR activity, COX-2, CXCL8, and VEGF expression are all increased in the airways of asthmatic lungs, it is likely that these interactions play a role in driving airway remodeling and chronic airway inflammation in asthma.
MATERIALS AND METHODS
Reagents. COX-2 antibodies were obtained from Cayman Chemicals. EGFR antibodies and EGFR phospho-tyrosine (Y845) antibodies were obtained from Cell Signaling Technology (New England BioLabs). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibodies were purchased from Santa Cruz Biotechnology. Anti-amphiregulin blocking antibody (Clone 31221) and mouse preimmune IgG were purchased from R&D Systems. Recombinant amphiregulin was purchased from R&D Systems. BK, PGE 2, indomethacin, NS398, and AG1478 were purchased from Sigma Aldrich. ONO AEI329, ONO AEI 259, ONO AEI 248, and ONO AEI D1 004, were a kind gift from Ono Pharmaceutical Japan.
Human airway smooth muscle cell culture. HASMC were explant cultured from human tracheas obtained postmortem, grown in DMEM supplemented with 4 mM L-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, and 10% fetal bovine serum (GIBCO, Life Technologies) at 37°C with 5% CO 2 and 100% humidity and used at passage 6 (34). HASMC were characterized by immunocytochemical analysis for positive ␣-smooth muscle actin expression and negative cytokeratin-18 and as described in (33) . HASMC were 95% pure. Ethical approval for this study was obtained from the North Nottinghamshire Research Ethics Committee.
Human bronchial epithelial cell culture. Immortalized human bronchial epithelial cells (HBEC) were a kind gift from Professor Jerry Shay, University of Texas, South Western (38) . HBEC were seeded at a density of 5 ϫ 10 4 ml Ϫ1 on 24-well or 6-well tissue culture plates and grown to confluence in complete KSFM medium (Invitrogen) at 37°C with 5% CO2 and 100% humidity. Confluent HBEC were washed twice in PBS-Dulbecco's (Sigma Aldrich) and cultured for 24 h in KSFM without bovine pituitary extract or EGF addition (serum free) prior to further experimentation.
Enzyme-linked immunosorbent assay. Cell lines were plated to 24-well plates and grown to 100% confluence, and the medium was replaced with DMEM, with L-glutamine only, for 24 h. ELISA for amphiregulin, CXCL8, or VEGF 165 (R&D Systems) was performed according to the manufacturer's protocol. All assay points were performed in triplicate on 24-well plates in a final medium volume of 500 l. ELISAs were normalized to subsequent cell counts to give picograms per milliliter for a standard 1 ϫ 10 4 cells.
RNA isolation and QPCR. RNA extraction, first-strand cDNA synthesis, and quantitative PCR (QPCR) were performed as described previously (14) . QPCR was performed with the following primers sets: amphiregulin forward: CGATGATTCAGTCAGAGTTGAACAGG, amphiregulin reverse: CCGTTCACCGAAATATTCTTGC; CXCL8 forward: CCAAGCTGGCCGTGGC, CXCL8 reverse: GCTCTCTTCCAT-CAGAAAG; COX-2 forward: GGAACACAACAGAGTATGCG, COX-2 reverse: AAGGGGATGCCAGTGATAGA; VEGF 165 forward: GAGCAAGACAAGAAAATCCC, VEGF165 reverse: CCTCGGCTTGT-CACATCTG; ␤2-microglobulin (␤2-MG) forward: GCCTGGAGGC-TATCCAG, ␤2-MG reverse: CCAGTCCTTGCTGAAAGACAAG.
All gene-specific quantification was calculated as ⌬Ct [target Ct minus housekeeping (␤2-MG) Ct (cycle threshold)] relative to control or untreated cell experiment control to give a final ⌬Ct (test)/⌬Ct (basal). All Ct calculations were performed by Stratagene, MxPro 3.2 software (Agilent). siRNA knockdown of amphiregulin or COX-2. siRNA (4 nM), either scrambled control (All-Stars, Qiagen) amphiregulin or COX-2 (GE Dharmacon, ON-TARGETplus siRNA) were incubated for 10 min with 3 l of HiPerFect (Qiagen) in 100 l of serum-free DMEM. siRNA complexes were incubated with 100 l of HASMC at 6 ϫ 10 5 ml Ϫ1 per well in a 24-well plate for 4 h. Complete medium was added to a total volume of 600 l and the resulting plates were incubated at 37°C with 5% CO2 and 100% humidity for 48 h. siRNA-transfected cells were serum starved for the last 24 h then treated with the relevant agonist prior to RNA isolation or conditioned medium harvesting.
Protein isolation and Western blot analysis. Protein extraction and Western blot analysis of COX-2, GAPDH, EGFR and EGFR phospho-tyrosine (Y845) were performed as described previously (13) .
Statistical analysis of data. Triplicate assay data are presented as standard error of the mean and comparative data were analyzed with a two-tailed paired t-test using GraphPad Prism (GraphPad, San Diego, CA). P values were scored as significant for 0.01-0.05 (*), 0.001-0.01 (**), and Ͻ0.001 (***).
RESULTS

Human airway smooth muscle cells secrete amphiregulin in response to BK via a COX-2/PGE 2 dependent pathway.
Potential stimuli of amphiregulin secretion from HASMC were studied in a survey of asthma-related cytokines including IL-4, IL-13, IL-9, IL-1, TNF-␣, TGF-␤ and BK. Only BK was capable of stimulating amphiregulin secretion from all human airway smooth muscle cell lines in a 24-h period ( Fig. 1A ) with a rapid 100-fold increase in amphiregulin mRNA accumulation (Fig. 1B) . To determine whether endogenous cyclooxygenasederived prostanoids were involved in amphiregulin production we looked at the effect of a nonselective COX inhibitor (indomethacin) and a selective COX-2 inhibitor [NS398 (39)] on BK-induced amphiregulin mRNA expression and protein secretion (Fig. 2, A and B) . Both indomethacin and NS398 prevented amphiregulin mRNA accumulation and protein secretion from HASMC; furthermore, knockdown of COX-2 with siRNA ( Fig. 2C ) eliminated BK-induced amphiregulin mRNA accumulation (Fig. 2D ). Consistent with a role for endogenous PGE 2 in amphiregulin release, exogenously applied PGE 2 also increased amphiregulin mRNA accumulation and amphiregulin secretion from HASMC (Fig. 2, E and F) . Neither COX inhibitor prevented PGE 2 -induced amphiregulin secretion (Fig. 2G) , implying that PGE 2 induction of amphiregulin expression in HASMC is via a direct mechanism. Because PGE 2 can act via EP2 or EP4 receptors in airway smooth muscle cells (5), we assessed EP2 or EP4 receptor dependence using selective EP receptor agonists. EP4 (ONOAEI 329) and EP2 (ONO AEI 259) receptor-selective agonists both-induced amphiregulin secretion from HASMC (Fig. 2H) , suggesting that both EP receptor subtypes were involved. Collectively these findings show that BK-induced amphiregulin mRNA accumulation and protein section from HASMC via a COX-2/PGE 2 /EP2, EP4 autocrine loop. It is worth noting that HASMC can produce a baseline of secreted amphiregulin during the period of serum starvation (100 pg/ml per 1 ϫ 10 4 cells). Previous studies from this group have established that there is a baseline of PGE 2 production from HASMC and that this would be capable of stimulating amphiregulin expression without a proinflammatory stimulus.
BK conditioned HASMC medium stimulates CXCL8 secretion from airway epithelial cells via an amphiregulin dependent mechanism. Because increased airway smooth muscle mass is a key feature of remodeling in the asthmatic lung we originally considered the role of amphiregulin in HASMC growth. We found negligible growth (either BrdU incorporation or cell counting) of HASMC in response to recombinant amphiregulin or HASMC conditioned medium after 24 or 48 h of BK addition (data not shown). With no obvious role for amphiregulin in HASMC growth we considered the role of amphiregulin in airway inflammation. Release of amphiregulin from airway epithelial cell membranes is a known stimulus of CXCL8 expression and secretion (28, 31) . To test whether HBEC cells could mount an inflammatory response to amphiregulin, HBEC were treated with amphiregulin for 24 h resulting in increased CXCL8 protein (Fig. 3A) and mRNA (Fig. 3B ) levels. BK conditioned and control HASMC conditioned media were obtained with the addition of BK (1 ϫ 10 Ϫ5 M) or vehicle control to confluent HASMC for 24 h. Following serum starvation, confluent HBEC were treated with BK conditioned medium or control conditioned medium from HASMC, resulting in an increase in CXCL8 secretion (Fig.  3C ) and de novo CXCL8 mRNA accumulation (Fig. 3D) . HASMC conditioned medium may contain growth factors other than amphiregulin that are capable of inducing epithelial CXCL8 expression. To prove that amphiregulin in HASMC medium was responsible for the increase in epithelial CXCL8 expression, we pretreated BK conditioned HASMC medium with an amphiregulin blocking antibody or control preimmune mouse IgG 1 . Addition of anti-amphiregulin IgG to conditioned HASMC medium blocked CXCL8 mRNA accumulation in HBEC (Fig. 3E ) and CXCL8 protein secretion from HBEC treated with control HASMC conditioned medium or BK HASMC conditioned medium (Fig. 3F) . siRNA knockdown of amphiregulin in HASMC prevented BK conditioned medium Fig. 3 . Recombinant amphiregulin and bradykinin conditioned cell culture medium from airway smooth muscle cells can induce CXCL8 mRNA accumulation and CXCL8 secretion from human airway epithelial cells. HASMC conditioned medium-induced CXCL8 expression in human bronchial epithelial cells (HBEC) is amphiregulin dependent. HBEC were treated with recombinant amphiregulin (10 ng/ml) for 24 h followed by a CXCL8 ELISA of the culture supernatant (A). HBEC were treated with recombinant amphiregulin for 24 h and CXCL8 mRNA accumulation analyzed by QPCR (B). Cell culture medium from HASMC treated for 24 h with BK (1 ϫ 10 Ϫ6 M) (BK con med) or a vehicle control (control con med) were added to HBEC for 24 h and the resulting HBEC supernatants and HASMC conditioned media were analyzed by CXCL8 ELISA, with HASMC conditioned medium CXCL8 levels subtracted from HBEC medium levels (C). HASMC BK conditioned medium and control conditioned media were used to treat HBEC for a time course of up to 24 h. CXCL8 mRNA accumulation was analyzed in HBEC by QPCR (D). HBEC were treated with BK conditioned HASMC medium (BK con med) for 24 h with either anti-amphiregulin blocking antibody (10 g/ml) (anti-AR) or mouse IgG1 (10 g/ml) (mouse IgG1) and CXCL8 mRNA levels analyzed by QPCR (E). HBEC were treated with HASMC control conditioned medium (con med) or HASMC BK conditioned medium (BK con med) for 24 h with either anti-amphiregulin blocking antibody (anti-AR) at 10 g/ml or mouse IgG1 (anti-mouse) at 10 g/ml, and secreted CXCL8 protein levels were analyzed by ELISA (F). HASM cells were transfected with control scrambled siRNA (solid bars) or amphiregulin siRNA (open bars) for 48 h, treated with BK for 24 h and the conditioned medium transferred to HBEC cells for 24 h, CXCL8 mRNA levels were analyzed by QPCR (G). All measurements represent means Ϯ SE of 3 independent experiments. **P ϭ 0.001-0.01; ***P Ͻ 0.001. from inducing 70% of the CXCL8 mRNA accumulation in HBEC compared with HASMC transfected with a scrambled siRNA control (Fig. 3G) .
EGFR activity is required for HASMC-derived amphiregulin-induced CXCL8 expression in airway epithelial cells. EGFR plays a key role in both epithelial barrier repair and airway inflammatory responses. For this reason we sought to establish whether amphiregulin derived from HASMC was increasing CXCL8 expression from airway epithelial cells via the EGFR receptor. We found that pretreatment of HBEC with the EGFR inhibitor AG1478 (27) prevented recombinant amphiregulin induction of both CXCL8 mRNA accumulation and CXCL8 protein secretion from HBECs (Fig. 4, A and B) . AG1478 also prevented BK-treated conditioned HASMC medium from inducing CXCL8 mRNA expression and CXCL8 protein secretion from HBECs (Fig. 4, C and D) . EGFR activity is dependent on EGFR tyrosine kinase transphosphorylation of each EGFR subunit (42) . We found that both recombinant amphiregulin (Fig. 4E) and BK conditioned HASMC medium induced EGFR tyrosine 845 transphosphorylation (Fig. 4F) .
Amphiregulin in HASMC-derived conditioned medium increases COX-2 expression in airway epithelial cells. There is increased expression of COX-2 in the asthmatic airway epi- . Amphiregulin and HASMC conditioned medium induction of CXCL8 mRNA expression and CXCL8 protein secretion in HBEC were blocked by EGFR inhibition with AG1478. Amphiregulin, BK conditioned HASMC medium, or control conditioned HASMC medium increased EGFR phosphorylation in HBEC was inhibited by AG1478. HBEC were assayed for CXCL8 mRNA (QPCR) after 2-h addition of amphiregulin (10 ng/ml) (solid bars) with or without pretreatment with AG1478 (1 ϫ 10 Ϫ6 M) (A). HBEC supernatants were assayed for CXCL8 protein by ELISA 24 h after addition of amphiregulin (10 ng/ml) (solid bars) with or without pretreatment with AG1478 (1 ϫ 10 Ϫ6 M) (B). HBEC were assayed for CXCL8 mRNA (QPCR) after incubation with BK conditioned HASMC medium (BK con med) or HASMC control conditioned medium (con med) (all solid bars) after 8 h, with or without pretreatment with AG1478 (1 ϫ 10 Ϫ6 M) (open bars are treated 0-h controls) (C). HBEC culture supernatants were assayed by ELISA for CXCL8 protein after pretreatment with AG1478 followed by treatment with HASMC control conditioned medium (con med) or BK conditioned medium (BK con med) with or without AG1478 (1 ϫ 10 Ϫ6 M) (D). Recombinant amphiregulin was added to HBEC in a time course, cell lysates were analyzed by Western blot for EGFR tyrosine-845 phosphorylation (EGFR-PY845), and blots were striped and reprobed with a "total" EGFR antibody (EGFR) (E). HBEC were treated with HASMC cell culture supernatants previously either untreated (con med) or treated with BK for 24 h (BK con med). Total cell lysates were analyzed by Western blot for EGFR tyrosine-845 phosphorylation (EGFR-PY845), then blots were striped and reprobed with anti-EGFR antibody (EGFR) (F). All measurements represent means Ϯ SE of 3 independent experiments. Western blots are representative of 3 independent experiments. ***P Ͻ 0.001. thelium (40) , and, since a previous study suggests that EGFR activity is required to induce COX-2 expression in the airway epithelium (29), we tested the hypothesis that HASMC interact with the airway epithelium via amphiregulin to increase COX-2 expression. Recombinant amphiregulin rapidly increased both COX-2 mRNA and COX-2 protein expression in HBECs (both reaching peak expression at 2 h) (Fig. 5, A and  B) . Both control conditioned medium from HASMC and BK conditioned medium from HASMC increased COX-2 mRNA accumulation in HBECs (Fig. 5C ). BK conditioned HASMC medium had a greater ability to induce COX-2 protein expression than control conditioned medium (Fig. 5D) . To establish that amphiregulin in HASMC conditioned medium was inducing COX-2 expression in HBECs, HBECs were treated with HASMC medium containing amphiregulin blocking antisera or control mouse preimmune IgG 1 for 4 h. Amphiregulin antibodies blocked both COX-2 mRNA and COX-2 protein expression in HBECs induced by HASMC conditioned medium (Fig. 6, A and B) . To confirm that amphiregulin in HASMC conditioned medium was inducing COX-2 mRNA expression in HBEC, HBEC were treated with conditioned medium from scrambled control siRNA transfected HASMC or amphiregulin siRNA-transfected HASMC (Fig. 6C) . Amphiregulin knockdown in HASMC was capable of reducing the accumulation of COX-2 mRNA in HBEC.
EGFR activity is required for amphiregulin and HASMC conditioned medium induction of HBEC COX-2 expression.
To demonstrate that the EGFR is required for amphiregulin induction of COX-2 expression in HBECs we pretreated HBEC with AG1478 and induced HBEC with recombinant amphiregulin for 4 h. AG1478 blocked amphiregulin-induced COX-2 mRNA accumulation (Fig. 7A) and COX-2 protein accumulation (Fig. 7B) . These experiments were repeated with conditioned medium from HASMC. AG1478 blocked COX-2 mRNA induction (Fig. 7C) and COX-2 protein accumulation in HBECs in response to HASMC conditioned medium (Fig. 7D) .
Amphiregulin in HASMC-derived conditioned medium increases VEGF expression in airway epithelial cells. Asthma patients have increased levels of VEGF in their airways and airway cells (1, 17, 30) where VEGF plays a critical role in both airway remodeling (angiogenesis) and inflammation (23, 24) . We tested the hypothesis that HASMC interact with the airway epithelium via amphiregulin to increase VEGF expression. Recombinant amphiregulin increased VEGF protein secretion and VEGF mRNA accumulation in HBECs (Fig. 8, A  and B) . Both control and BK conditioned medium from HASMC increased VEGF protein secretion from HBEC and VEGF mRNA accumulation in HBEC (Fig. 8, C and D) . To establish that amphiregulin in HASMC conditioned medium was inducing VEGF expression in HBECs, HASMC medium containing amphiregulin blocking antisera or control mouse preimmune IgG1 was incubated with HBEC for 24 h. Amphiregulin antibodies blocked both VEGF mRNA accumulation and VEGF protein expression in HBECs induced by HASMC conditioned medium (Fig. 8, E and F) . To confirm that amphiregulin in HASMC conditioned medium was inducing VEGF mRNA accumulation in HBEC, HBEC were treated with conditioned medium from scrambled control-transfected HASMC or amphiregulin siRNA-transfected HASMC (Fig.  8G) . Amphiregulin knockdown in HASMC was capable of reducing HBEC VEGF expression. It is worth noting that amphiregulin chelation with a specific antibody in HASMC conditioned medium had a greater effect on VEGF expression and secretion from HBEC than siRNA ablation of amphiregulin expression in HASMC. Amphiregulin antisera may be a more efficient method of blocking the interaction between HASMC and HBEC than the depletion of amphiregulin mRNA in HASMC.
HBEC-derived supernatants induce amphiregulin expression in HASMC.
Since BK-induced amphiregulin expression in HASMC is dependent on a COX-2/PGE 2 autocrine loop, we hypothesized that HBEC would amplify HASMC amphiregulin expression when COX-2 expression in HBEC increases. HBEC were stimulated with recombinant amphiregulin for 24 h with or without indomethacin. HBEC conditioned medium was then applied to HASMC for 4 h and amphiregulin mRNA accumulation analyzed by RT-QPCR. Conditioned medium from amphiregulin-treated HBEC-induced amphiregulin expression in HASMC, and addition of indomethacin during HBEC conditioning eliminated the ability of HBEC conditioned medium to induce HASMC amphiregulin expression (Fig. 9A) . A summary of our findings is shown in a representative diagram highlighting the interaction between HASMC and HBEC, with COX-2 activity required to drive HASMC amphiregulin secretion, leading to amphiregulin costimulation of CXCL8 and VEGF secretion, with increased COX-2 expression in the epithelium, that is capable of "back-inducing" amphiregulin expression in airway in HASMC (Fig. 9B) .
DISCUSSION
There are a number of novel findings in this study. Firstly, we found that amphiregulin was expressed and secreted from HASMC in response to BK via a COX-2/PGE 2 autocrine loop. Secondly, HASMC-derived amphiregulin stimulated the ex- pression and secretion of CXCL8 and VEGF from airway epithelial cells. Thirdly, amphiregulin was a very rapid inducer of COX-2 expression in the airway epithelial cells, and, finally, prostanoids produced, by airway epithelial cells in response to amphiregulin, feedback to amplify amphiregulin expression in the airway smooth muscle cells. This bidirectional cross talk adds important information on how these two cell types interact to cascade inflammatory and remodeling signals in asthma.
There are previous examples of prostanoid-induced amphiregulin expression in cell systems other than the lung: amphiregulin secretion from colon and breast cancer cells is dependent on PGE 2 -induced gene expression (7, 43) , as is gut subepithelial myofibroblast amphiregulin production (44) . These studies have focused on cell growth or epithelial wound repair responses to amphiregulin, whereas our study is the first to link PGE 2 -dependent amphiregulin secretion to cross talk between the mesenchymal and epithelial cells, resulting in increased inflammatory gene expression, in this case CXCL-8 and VEGF.
Our experiments showed that the application of BK conditioned HASMC medium resulted in proinflammatory chemokine (CXCL8, VEGF) secretion and COX-2 expression in airway epithelial cells. Experiments with amphiregulin blocking antibodies and the EGFR inhibitor AG1478 suggested that the response was dependent on amphiregulin in the HASMC supernatants and the EGFR receptor on epithelial cells. It is worth noting, however, that although HASMC conditioned medium induced CXCL8, VEGF, and COX-2 expression in airway epithelial cells, amphiregulin blocking antibodies did not fully eliminate CXCL8 or COX-2 expression whereas the EGFR inhibitor AG1478 did. This may be explained by HASM cells expressing additional EGFR agonists. Our own studies have shown that HASMC express HB-EGF and epiregulin; however, the magnitude of effect of the amphiregulin blocking antibodies suggests that amphiregulin is the main EGFR agonist responsible for stimulating EGFR activity when airway epithelial cells are exposed to HASMC conditioned medium.
This study demonstrated that HASMC-derived amphiregulin induces rapid COX-2 expression in epithelial cells via EGFR. It has been proposed that continuous inflammation and remodeling resulting from epithelial damage and repair is a key part of asthma pathophysiology (16) . Because both COX-2 and active EGFR are required for epithelial wound repair (41) , with a broken epithelial barrier amphiregulin from underlying mesenchymal cells could cause both EGFR activation and consequent COX-2 expression as part of the airway epithelial repair mechanism. . COX-2 mRNA levels were quantified by QPCR (A). HBEC were treated with 10 ng/ml of AR in a time course of up to 24 h with or without AG1478 (1 ϫ 10 Ϫ6 M). Total protein extracts were analyzed by Western blot for COX-2 expression (B). HBEC were treated for 4 h with HASMC control conditioned medium (control con med) or BK conditioned (BK con med) smooth muscle medium with or without AG1478 (1 ϫ 10 Ϫ6 M) followed by QPCR for COX-2 mRNA (C). Total protein extracts from the same treatments at 4 and 8 h were Western blotted for COX-2 protein (D). All blots were reprobed with GAPDH antisera. Western blots are representative of 3 independent experiments. All other measurements represent means Ϯ SE of 3 independent experiments. ***P Ͻ 0.001. We used the proinflammatory peptide BK to stimulate HASMC because the asthmatic lung possesses greater BK receptor coupling (35) , higher levels of BK releasing kallikrein (9), more amphiregulin (15, 20) , and increased EGFR expression (36) . Our findings show that a BK/AR/EGFR mechanism coupling HASMC and the epithelium provides a link between these disease-related changes, possibly resulting in the higher levels of CXCL8, VEGF, and COX-2 seen in the asthmatic lung. These findings may also be relevant to viral exacerbations of asthma. The severity of asthma symptoms is greatly increased during viral infection. RSV and rhinoviral infection of epithelial cells rapidly induces amphiregulin release coupled with EGFR-dependent CXCL8 secretion (28, 31) . Rhinoviral airway infections also increase BK releasing kallikrein activity in the asthmatic lung, possibly linking rhinovirus, BK, amphiregulin, and CXCL8 secretion to viral exacerbations of asthma (8) . Both RSV and rhinoviral infection of airway epithelial cells result in elevated VEGF expression and secretion (25, Fig. 8 . Recombinant amphiregulin and bradykinin conditioned cell culture medium from airway smooth muscle cells can induce VEGF165 mRNA accumulation and VEGF165 secretion from human airway epithelial cells. HASMC conditioned medium induced VEGF165 expression in HBEC is amphiregulin dependent. HBEC were treated with recombinant amphiregulin (10 ng/ml) for 24 h followed by a VEGF165 ELISA of the culture supernatant (A). HBEC were treated with recombinant amphiregulin for 24 h and VEGF165 mRNA accumulation was analyzed by QPCR (B). Cell culture medium from HASMC treated for 24 h with BK (1 ϫ 10 Ϫ6 M) (BK con med) or a vehicle control (control con med) were added to HBEC for 24 h and the resulting HBEC supernatants and HASMC conditioned medium were analyzed by VEGF165 ELISA, with HASMC conditioned medium VEGF165 levels subtracted from HBEC medium levels (C). HASMC BK conditioned medium and control conditioned media were used to treat HBEC for a time course of up to 24 h, VEGF165 mRNA accumulation was analyzed in HBEC by QPCR (D). HBEC were treated with BK conditioned HASMC medium (BK con med) for 24 h with either anti-amphiregulin blocking antibody (10 g/ml) (anti-AR) or mouse IgG1 (10 g/ml) and VEGF165 mRNA levels were analyzed by QPCR (E). HBEC were treated with HASMC control conditioned medium (con med) or HASMC BK con med for 24 h with either anti-AR at 10 g/ml or mouse IgG1 (anti-mouse) at 10 g/ml, and secreted VEGF165 protein levels were analyzed by ELISA (F). HASM cells were transfected with control scrambled siRNA (solid bars) or amphiregulin siRNA (open bars) for 48 h and treated with BK for 24 h, the conditioned media were transferred to HBEC cells for 24 h, and VEGF165 mRNA levels were analyzed by QPCR (G). All measurements represent means Ϯ SE of 3 independent experiments. *P ϭ 0.01-0.05; ***P Ͻ 0.001. . Amphiregulin-treated HBEC supernatants stimulate airway smooth muscle amphiregulin mRNA accumulation. Amphiregulin links reciprocal COX-2 in airway epithelial/smooth muscle inflammation. Culture supernatants from HBEC, untreated (HBEC con med) treated with amphiregulin (10 ng/ml) (AR con HBEC med) with indomethacin (1 ϫ 10 Ϫ6 M) (AR con med ϩ indo), or serum free media only (CMϪ) for 8 h were then added to HASMC for 4 h, the HASMC RNA were assayed for amphiregulin expression by QPCR (A), and 10 ng/ml of recombinant amphiregulin was added as a control directly to the HASMC (AR direct). All other measurements represent means Ϯ SE of 3 independent experiments. Reciprocal, COX-2-dependent, relationship between HASMC and HBEC: BK-induced HASMC amphiregulin acts as a proinflammatory stimulus resulting in COX-2, CXCL8, and VEGF production from HBEC and HBEC stimulation of the HASMC leading to amphiregulin growth factor production (B). BK1 and BK2, bradykinin receptors 1 and 2; AREG, amphiregulin; EP, EP class G-protein coupled receptors. ***P Ͻ 0.001. 26 ). The role of amphiregulin and EGFR in this process is yet to be investigated.
We have considered how our findings fit in with existing knowledge of the role of the EGFR in asthma pathophysiology. Immunohistochemical studies of lung biopsies found greater EGFR expression in the airway epithelium in asthma patients compared with healthy controls (36, 37) . Studies of EGFR inhibition have been undertaken in allergic airway animal models with somewhat contrasting results. In rats, ovalbumin (OVA)-induced remodeling was prevented by the EGFR inhibitor AG1478 (48) and in another study AG1478 prevented OVA-induced smooth muscle hypertrophy and reduced methacholine-induced airway hyperresponsiveness (45) . Amphiregulin knockout did not, however, prevent OVA-induced inflammation or remodeling in mice (19) . These differences may reflect interspecies differences and it is unclear which if either can be extrapolated to human asthma.
In conclusion, the data from this study provide evidence that mesenchymal cell amphiregulin, epithelial cell EGFR, and COX-2 in both cell types provide a dynamic bidirectional axis of mesenchymal and epithelial interactions with the resultant changes in gene expression in both cell types providing mechanisms explaining multiple observations made in airway tissue in asthma patients. To date there have been no studies of EGFR inhibitors or anti-amphiregulin blockade in human asthma; however, our findings suggest that these approaches warrant future investigation as anti-inflammatory/remodeling therapies for chronic asthma. 
